Enhanced coercivity of half-metallic La0.7Sr0.3MnO3 by Ru substitution under in-plane uniaxial strain J. Appl. Phys. 111, 07B102 (2012) The thickness, electric field, and strain effects on the magnetic anisotropy of FeCo/MgO (001) Copper ferrite (CuFe 2 O 4 ) thin films have been prepared by rf sputtering on fused quartz and silicon ͑111͒ substrates at ambient temperature. The as-deposited film is found to be in cubic phase, which is stable only at higher temperatures in bulk. The films were annealed at temperatures ranging from 100°C to 800°C and slowly cooled. The films had tetragonal structure at annealing temperature above 200°C. The c/a ratio was observed to increase with increasing annealing temperature. Transmission electron microscopy study confirmed the phase transformation from cubic to tetragonal as a function of annealing temperature. The magnetization values of the films were observed to show a maximum at the annealing temperature of 200°C and a minimum at 500°C. The coercivity increased monotonically from 70 Oe for the as-deposited film, to 1450 Oe for the film annealed at 800°C. The results were explained on the basis of the phase transformation and the grain growth phenomenon.
I. INTRODUCTION
Oxide thin films are being studied extensively in recent times, to improve the basic understanding, and to explore novel applications. It has been observed that the properties in the thin films are quite different from the bulk. [1] [2] [3] [4] [5] However, these properties are observed to depend on the deposition conditions. This raises the possibility of controlling the properties in thin films by varying the deposition conditions and post deposition heat treatment. A systematic study on hexagonal strontium ferrite thin films has shown that it is possible to control c-axis orientation by varying deposition parameters like rf power, oxygen pressure, etc. 2 In another study on spinel lithium zinc ferrite thin films, new phenomena like high field susceptibility and multi mode ferromagnetic resonance have been observed. 1 A transmission electron microscopy ͑TEM͒ study on the lithium zinc ferrite films has been reported which deals with the microstructure of the films and its correlation with their magnetic properties. 6 Copper ferrite, in the bulk form, has been studied in detail. 7, 8 It has a distinctive feature of the phase transition from a tetragonal to cubic at 350°C, due to the Jahn-Teller distortion. 9 The distortion arises due to the octahedral cupric ions. When the cupric ions are on the tetrahedral sites, the resulting ferrite shows a smaller tetragonal distortion and a larger magnetic moment. This can be achieved by changing the annealing temperature and cooling conditions. For example, the effective magnetic moment of copper ferrite sample quenched from 1000°C, can be increased from 1 B per unit formula to 2 B per unit formula. 10 Coercivity is also strongly dependent on the distortion of copper ferrite lattice. A large tetragonal distortion gives rise to a large value of coercivity, as the crystallographic anisotropy of the unit cell is high at large tetragonal distortion. Tailhades et al. 11 have studied magnetic properties of copper ferrite fine powders with different annealing conditions. Their work focused on the effects of annealing conditions on cation distributions on tetrahedral and octahedral sites.
Copper ferrite in thin film form has not been studied intensively by many researchers. Srinivasan et al. 12 have reported the deposition of copper ferrite thin films by sputtering. They found a magnetization in as-deposited films, which were amorphous as seen by x-ray diffraction. They reported the magnetic properties of these films at low temperatures. They also deposited copper ferrite thin films under different conditions, and showed that the films were superparamagnetic at room temperature and showed a spontaneous moment only at low temperature. 13 Their studies on asdeposited copper ferrite thin films indicated that the magnetic properties of films are affected by deposition conditions
We thought it would be interesting to deposit and study copper ferrite thin films by sputtering as the sputtering in- volves very high quenching rate. This could lead to interesting structural and magnetic properties, especially enhancement of magnetization. In this article, we present a preparation of copper ferrite thin films and their study as a function of annealing temperature. The evolution of magnetic properties and their relationship with its microstructure properties have also been discussed.
II. EXPERIMENT
Copper ferrite thin films were prepared by rf diode sputtering from a 75 mm tetragonal copper ferrite target, in a Leybold Z400 system. The films were deposited on fused quartz substrates. The system was evacuated to a base pressure of 6ϫ10 Ϫ7 mbar. The sputtering gas was a mixture of argon and oxygen. The oxygen to argon ratio was maintained at 15%, in a total pressure of 6ϫ10 Ϫ3 mbar. The rf power was kept at 200 W at 13.6 MHz. The substrates were neither heated nor cooled during sputtering. The thickness of the films was measured using a Sloan Dektak II profilometer. Films, with a thickness of the order of 3000 Å, were used for the present study. The films were annealed at various temperatures ranging from 100 to 800°C. A fresh film was inserted each time into the furnace, maintained at the desired temperature. Annealing was carried out for 2 h, after which the samples were furnace cooled. A Philips 1729 W diffractometer was used for x-ray diffraction ͑XRD͒ study. The magnetic measurements have been carried out on all the samples at room temperature using a vibrating sample magnetometer. The substrate contribution to the M -H loops was subtracted to get the corrected loops.
The microstructure study was carried out using a Philips CM 200 transmission electron microscope ͑TEM͒ for all samples. For this study, another series of samples were used on Si͑111͒ substrates, which were deposited along with the fused quartz substrates. Before deposition, the native oxide on Si was chemically etched with hydrofluoric acid. The XRD data on the films deposited on the fused quartz and the Si͑111͒ were found to be identical except for Si peaks. TEM foils were prepared by first cutting the samples into 3 mm disks, and then thinning mechanically to 50 m from the substrate side. This was followed by chemical etching of the substrate using a mixture of nitric acid and hydrofluoric acid in a 3:1 ratio. Selected area diffraction ͑SAD͒ patterns and bright field images were recorded for all the samples. Grain sizes were measured online by direct deflection of the beam. Average grain sizes were also obtained by analyzing about 300 grains in TEM bright field micrographs using an image analysis software.
III. RESULTS
A. XRD Figure 1 shows the XRD pattern of the bulk copper ferrite, which was used as a target for sputtering. The peaks were indexed using the powder diffraction file ͓Joint Committee on Powder Diffraction Standards ͑JCPDS͔͒ No. 34-0425 for the tetragonal copper ferrite. The Miller indices of the planes shown in this figure are with a set of primitive vectors that are rotated by 45°in the a-b plane from those given in the JCPDS file. The values of lattice constants ''a'' and ''b'' taken by us are also ͱ 2 times of those given in the JCPDS file. By making these changes the values of a and b turn out to be close to ''c,'' making the structure look pseudo cubic. This has been done to facilitate comparison with the cubic copper ferrite. As can be seen in the figure, all the peaks can be indexed, indicating that the target material is a single-phase tetragonal copper ferrite material.
The XRD of the as-deposited copper ferrite thin film and those annealed at the temperature ranging from 200 to 800°C are also shown in Fig. 1 . As seen in the figure, the as-deposited film shows two broad humps, which have been marked by arrows. These humps grow further in intensity and shift towards larger 2 values as the annealing temperature of the samples is increased. The films annealed at 800°C show five sharp peaks. A comparison of the bulk and the 800°C annealed thin film XRD brings out the following points.
͑1͒ We see a much smaller number of peaks in the thin film sample in comparison to the bulk.
͑2͒ The maximum intense peak in the bulk is ͑311͒, while in the case of thin films it is ͑400͒.
͑3͒ Whatever peaks are observed in the thin films, they match well with bulk. We specially note that in the thin film, ͑333͒ and ͑511͒ peaks are seen as two separate peaks. For a cubic material these two peaks would have been observed at the same angle. The splitting of these peaks, therefore, is a clear indication that the 800°C annealed film has a tetragonal phase.
For the as-deposited thin film samples and for annealing at temperatures lower than 800°C, it is not possible to draw a similar conclusion, as we observe only two humps in XRD, both of which are present in tetragonal and cubic ferrite. However, the gradual shift of the humps towards larger angles as a function of annealing temperature indicates clearly that there is either a change in the lattice constant or the structure of the material. As these two humps are observed at the angles where we expect copper ferrite peaks, we feel that the thin film material is copper ferrite.
As the 800°C annealed film indicates a tetragonal phase, we initially tried to calculate the lattice parameters for all samples, assuming them to be tetragonal, in spite of the fact that the linewidths are large. To accomplish this, the peak positions were estimated by fitting a Lorentzian to these humps. The values of a and c were calculated assuming that these peaks are ͑311͒ and ͑400͒. These values as well as the c/a ratio are shown in Table I for samples annealed at 400, 600, and 800°C. As is clear from this table, the value of a decreases with the annealing temperature while that of c increases with it. The value of c/a ratio thus increases from a value close to 1 to a value 1.048. The value of c/a calculated for the as-deposited sample and the one annealed at 200°C was less than 1. As this is not expected, we recalculated the lattice constant for these two samples assuming them to be cubic. The lattice constants calculated for these two samples are also shown in Table I .
The XRD study, thus, would indicate that the asdeposited sample and the sample annealed at 200°C are mainly cubic. They change to tetragonal structure upon annealing at higher temperatures, with increasing c/a ratio as a function of the temperature. This feature is not entirely unexpected, as it is known that the copper ferrite undergoes Jahn-Teller distortion. 
B. Spontaneous magnetization and coercivity
In Figs. 2͑a͒ and 2͑b͒, we show the in-plane M -H loops taken at room temperature of the as-deposited film and the film annealed at 800°C, respectively. The following features can be seen from these two figures.
͑1͒ Though Fig. 2͑a͒ shows hysteresis in as-deposited film, the loop does not seem to saturate even at a field of ϳ1 Tesla.
͑2͒ The value of magnetization of the 800°C annealed sample at an applied field of 10 kOe, is about 40% higher than the as-deposited thin film.
͑3͒ The coercivity of the annealed sample is at least an order of magnitude higher than that in the as-deposited sample.
Nonsaturation of the M -H loop is a common problem observed in the ferrite thin films. 1 We, therefore, report the value of magnetization extrapolated to zero magnetic field. zero field and intercept on the y axis was taken as the value of spontaneous magnetization. Figure 3 shows a variation of spontaneous magnetization (4M ) as a function of annealing temperature. As is seen from Fig. 3 , the 4M shows a nonmonotonous behavior with annealing temperature. It is observed to be 1120 G for the as-deposited film. It then increases to 1225 G for 200°C annealed film. Above 200°C, 4M starts decreasing with increasing annealing temperature. The film annealed at 500°C shows the lowest value of 4M which is 534 G. Above 500°C, 4M starts increasing sharply with annealing temperature and reaches a value of 1600 G at the temperature of 800°C. This value of 4M is 94% of the bulk magnetization value for the tetragonal copper ferrite obtained from the measurement on the target and has been shown in this figure by a horizontal line. Figure 4 shows the variation of coercivity ͑H c ͒ as a function of annealing temperature. Unlike the behavior of 4M , the H c shows a monotonic increase with annealing temperature. The value of H c for the as-deposited film is 70 Oe, while for the 800°C annealed film it shoots up to 1450 Oe. We also note from the figure that the increase in coercivity mainly takes place at annealing temperatures greater than 500°C. Such a large variation in coercivity by a thermal treatment on the films is an interesting result.
C. Transmission electron microscopy
The XRD study on our films could not clearly reveal the crystal structure for as-deposited films and for films annealed at temperatures less than 800°C. We, therefore, decided to carry out a TEM study on our all samples. This was also necessary in order to obtain the microstructural information.
Electron diffraction
The inset figures of Figs. 5͑a͒ and 5͑b͒ show SAD patterns of the as-deposited and the film annealed at 800°C, respectively. The spots seen in the SAD pattern of asdeposited film are from the silicon substrate. One can note the following features from this figure.
͑1͒ Unlike XRD, even in the as-deposited film, we get a large number of diffraction rings.
͑2͒ The number of rings in the 800°C annealed sample are much larger than in the as-deposited sample.
͑3͒
The central halo seems much better resolved in the annealed sample than in the as-deposited sample.
To resolve the rings, a standard image processing software was employed which used a filter to detect the edges in the intensity in the rings. The TEM pictures were reproduced after using this filter and are shown in Figs. 5͑a͒ and 5͑b͒ . The values of d hkl for each ring were calculated using Bragg's condition applicable to electron microscopy. 14 It was found that all the diffraction rings observed in 800°C annealed sample could be indexed to the tetragonal copper ferrite phase. This indexing has been shown in Fig. 5͑b͒ . On comparison of Fig. 5͑b͒ with Fig. 1 , we note the following points.
͑1͒ We can clearly see that there are many pairs of rings, which in a pure cubic system would have appeared at the same angle, shown as separate rings in the TEM picture. These rings are ͑202͒͑220͒; ͑113͒͑311͒; ͑115͒͑333͒͑511͒ and ͑404͒͑440͒. This establishes that this film is tetragonal.
͑2͒ The peaks ͑222͒, ͑400͒ and ͑422͒ are observed in the XRD of the bulk copper ferrite but are not observed in TEM. Out of these, ͑400͒ is the most intense peak in the thin film copper ferrite sample annealed at 800°C. The ͑222͒ peak is also observed in 800°C annealed film with a large intensity. The ͑422͒ peak is also absent in thin film.
͑3͒ The peaks ͑115͒ and ͑313͒ are observed in TEM but are not seen in the bulk XRD. These planes are reported in the JCPDS file No. 34-0425. The intensity of ͑313͒ plane is only 1%, while for ͑115͒ it is 12%. Rings corresponding to these planes appear with reasonable intensity in TEM.
Due to the fact that the number of rings in the asdeposited sample is much smaller than the 800°C annealed one, we tried to index these rings to a cubic copper ferrite ͑JCPDS file No. 77-0010͒. We were also guided to do this from our preliminary XRD results described in Sec. A. We found that all the rings, except a very faint one, can be indexed to copper ferrite cubic structure. The origin of the faint ring marked as ''*'' in Fig. 5͑a͒ is not very clear. However, its d hkl value is close to ͑224͒ plane of tetragonal structure, which has only 5% intensity as given in the JCPDS file No. 34-0425. These results indicate that the as-deposited film essentially consists of cubic copper ferrite.
The SAD data on the films annealed at 200°C are similar to the as-deposited sample and the film is mainly cubic. However, the SAD data of samples annealed at 400 and 600°C are similar to the SAD of the 800°C sample, indicating that these films are composed primarily of the tetragonal phase.
Change in grain size
Figures 6͑a͒, 6͑b͒, and 6͑c͒ show the plane view bright field images of the as-deposited, the films annealed at 200°C and 800°C respectively. The bright field images show that the films contain nanocrystallites. Some crystallites are seen with parallel fringe structure, normally associated with stacking faults, in the as-deposited films ͓marked with a circle in Fig. 6͑a͔͒ . Such faults were not seen in the films annealed у200°C. The film annealed at 200°C is observed to have much larger grains along with small grains in comparison to that observed in the as-deposited film. Figure 7 shows the variation of average grain size as a function of annealing temperature. The bars in the figure indicate the standard deviation of the grain size distribution. The mean grain size and standard deviation were determined by fitting a log-normal distribution function for all samples. 15 The inset pictures in Fig. 6͑a͒, 6͑b͒ and 6͑c͒ show respective grain size distribution. As can be seen in Fig. 7 , the average grain size is observed to increase steeply from ϳ8 to ϳ37 nm, when the as-deposited film is annealed at 200°C. Surprisingly, for an increase in the annealing temperature from 200 to 600°C the grain size decreases to ϳ8 nm. The average grain size is observed to grow from ϳ8 to ϳ15 nm, for annealing temperatures in the range 600-800°C.
IV. DISCUSSIONS A. Structural properties
XRD study in the sputtered oxide thin films, deposited at the ambient temperature, have often shown the absence of sharp peaks.
1 Some of these films, which have also been studied by electron diffraction, have always shown welldefined crystalline rings. This feature is generally attributed to the nano-crystalline nature of the film. 6 X-ray diffraction in a nano-material or in a ''defective'' crystal, sharp peaks might be absent, which, on the other hand, may be misidentified as absence of crystallinity. It is to be noted that electron diffraction does not have this problem; a nano-crystalline material will always produce sharp rings. In the case of amorphous, the rings would appear to be diffused.
The intensity ratios of the XRD peaks are quite different from those observed in the case of the bulk. Additionally, some reflections seen in the XRD data are not found in the electron diffraction data and vice versa. This can be understood if we assume that some texture is present in our films. In a standard XRD scan carried out by us, reflections are seen only from those planes which are parallel to the film surface. If the film is textured, in such a way that some plane are preferentially out of plane, reflections from them would be absent or would be of lower intensity. In an electron diffraction experiment, on the other hand, the opposite would happen. Here, the diffraction rings would be seen only for those planes, which are more or less parallel to the electron beam. This is because: the wavelength of the electron beam being very small, the Bragg condition would be satisfied only for very small values. The reflections seen in electron diffraction will be only from those planes, which are close to normal to the film plane. Hence, in the case of a textured film, some reflections, which are seen in XRD, may not be seen in the electron diffraction and vice versa, similar to our results.
Another feature observed in the present study is that the films are mainly cubic in the as-deposited state and up to an annealing temperature of 200°C. Upon annealing at temperatures higher than 200°C, the films appear to go over to the tetragonal phase. This is indicated from the shift in the humps as a function of the annealing temperature in XRD and from electron diffraction. A further indirect indication of the change in crystalline structure is found by looking at the grain refinement observed ͑Fig. 7͒. Among phenomena related to annealing, such as grain growth, nothing can refine grains other than phase transformation. 16 Our TEM study clearly shows a significant reduction in the grain size in the annealing temperature range of 200-600°C. This is a clear indication of phase transformation or a change in crystal structure.
Bulk copper ferrite is stable in cubic form only at temperatures greater than 350-400°C. 17, 18 At room temperature, it is found in tetragonal form. The tetragonality in copper ferrite is due to the Jahn-Teller effect arising from the copper ions in octahedral site. Though it has been possible to control the c/a factor to some extent after quenching from higher temperature, copper ferrite is generally not seen in the cubic form at room temperature. Tailhades et al. 11 prepared copper ferrite powder and subjected it with heat treatments during and after preparation and quenching. They found the c/a ratio to vary between 1.05 and 1.06. It is, therefore, interesting to note that, in the thin film form, it is possible to stabilize the cubic structure even at room temperature.
We also note that as we anneal the sample at temperatures greater than 200°C, the tetragonal phase starts appearing. Unfortunately, we cannot calculate our c/a ratios very precisely because of observation of only two broad humps in XRD. Nevertheless, from the shifts of the humps, we are sure that c/a ratio for our samples increases monotonically with annealing temperature. This is unlike the results of Tailhades et al. 11 for the quenched copper ferrite powder, where they found a maximum in the c/a ratio as a function of annealing temperature. This can be understood, because, after annealing, our samples were furnace cooled while in the case of Tailhades, they were quenched. In our case, therefore, the copper ions had enough time to migrate back to the octahedral site causing a large tetragonal distortion.
B. Magnetic properties
It is generally seen that the as-deposited sputtered ferrite films are not magnetically ordered, or possess a very low value of magnetization as compared to the bulk. This has been attributed to large grain boundary volumes in the nanocrystalline thin films. 6 The as-deposited lithium zinc ferrite films showed a value 630 G, which is only 13% of that of the bulk. 1 The strontium ferrite as-deposited films, on the other hand, did not show any hysteresis. 2 The results on copper ferrite thin films, on the other hand, do not show a very clear trend. Srinivasan et al. 12 have studied the as-deposited copper ferrite thin films, prepared by sputtering in 50% argon and oxygen gas ratio and in pure oxygen atmosphere. In the film deposited in argon, oxygen mixture, they found the room temperature magnetization to be of the order of 900 G, while in the other sample they obtained superparamagnetism. In the case of our copper ferrite films, the value of the spontaneous magnetization is 1120 G for the as-deposited sample. This is higher than what was observed by Srinivasan et al. 12 However, we cannot strictly compare these values, as our deposition conditions are different from them.
Based on the XRD studies, Srinivasan et al. 12 called their films deposited in oxygen-argon mixture as amorphous, while the one prepared in pure oxygen as consisting of nanoscale crystals. However, it is not unusual to find nano-crystals in the films which appear to be amorphous from x-ray. 6 It is possible that the difference in the magnetization of the samples prepared by two different methods is due to the cation distribution, defects, or different grain sizes of the nano-crystallites.
The magnetization in copper ferrite results from the difference in the magnetic moments of the atoms in the octahedral and the tetrahedral sites. The tetragonal copper ferrite in equilibrium at room temperature can be described by the following structural formula Fe 3ϩ ͓Fe 3ϩ Cu 2ϩ ͔O 4 2Ϫ , where the ions in the square bracket occupy the octahedral site. If a copper ion migrates to the tetrahedral site, the formula changes in such a way that the number of Fe 3ϩ ions increases in the octahedral site at the cost of the same ions on the tetrahedral sites. This causes an increase in the net magnetic moment and a reduction in the c/a ratio due to number of octahedral copper ions, which cause Jahn-Teller distortion. The magnetization, therefore, is related to the c/a in such a way that when one increases, the other decreases.
The value of magnetization in our as-deposited sample is quite large, but it is smaller than even the magnetization value of the tetragonal copper ferrite, which is around 1700 G at room temperature. 19 We observe a room temperature value of magnetization of 1120 G, which is nearly 65% of the known value of bulk tetragonal copper ferrite. Such a large value of magnetization has not been observed by us, on any other sputter deposited ferrite system in our laboratory. As stated previously, it has always been around 10% of the bulk value in the as-deposited state and increasing to a value close to the bulk value depending upon the annealing temperature. Hence the observation of such a large value in sputter deposited copper ferrite needs a proper understanding of the structure in the as-deposited film. For cubic ferrite, the magnetization has been observed to be quite large, which is of the order of 3500 G at 15°C. 20 If we accept this value, then the value of our as-deposited films is around 30%. Recently, Kuehn et al. 21 have observed a high value of spontaneous magnetization of the order of 7729 G at 10°K, in cubic Cu 0.5 Fe 2.5 O 4 bulk ferrite.
As the films are annealed at increasing temperatures, it is generally observed in ferrite thin films that the value of 4M is related to the crystallization behavior as shown by XRD. As the sample is found to crystallize better after annealing at higher temperature, sharper peaks start appearing in XRD and simultaneously the magnetization starts rising. As an example, the lithium zinc ferrite thin films showed a monotonic increase in 4M as annealing temperature increases.
1 This is believed to be due to the reduction in grain boundary volume upon grain growth. 6 Magnetization study on our copper ferrite samples shows an interesting nonmonotonic behavior in 4M with annealing temperature, unlike other ferrite systems. However, this result can be understood as follows. Annealing of the sample up to 200°C, leads to a normal grain growth, as is also evident from the TEM studies. Hence the magnetization grows. It was expected to grow further as annealing temperature increases, provided the sample would have retained the cubic phase. However, at higher temperatures, tetragonal copper ferrite starts growing, which has lower magnetization than cubic copper ferrite, as described above. Hence the observed magnetization of the sample starts falling. The magnetization again starts growing in the usual way due to grain growth but now approaches the much lower bulk value of the tetragonal copper ferrite. At the highest annealing temperature of 800°C the spontaneous magnetization reaches a value of 1590 G, which is about 94% of bulk tetragonal copper ferrite value. This percentage is comparable with Li-Zn and the Sr ferrite thin film systems.
Tailhades et al. 11 studied the annealing effects on quenched copper ferrite powder samples. The magnetization of their sample as a function of annealing temperature qualitatively shows a behavior similar to the one seen in our samples. However, in their case, the magnetization change is because of the change in the c/a ratio with the annealing temperature. This is clearly borne out by the fact the c/a ratio of their samples not only has a perfect correlation with magnetization unlike ours, but also with coercivity ͑to be discussed next for our samples͒. Moreover, the absolute values of magnetization in our case are much smaller, which clearly indicates the grain boundary effect. Now, we come to the most interesting part of our work and that is the coercivity. Generally, the coercivity of the ferrite thin films increases with the annealing temperature, sometimes showing a maximum close to the highest annealing temperature. 22 The coercivity of the nano-crystalline samples is low for very small grain sizes because of the thermal stability problems. As the grain sizes grow upon annealing, the thermal stability of the magnetic moment improves and the coercivity increases. The grain sizes are still in the single domain regime. If the grain sizes become large enough to support multidomains, upon further annealing, it results in a reduction of the coercivity value.
Our experimental data on coercivity show a monotonic increase with annealing temperature, similar to other sputter deposited thin film ferrite systems. This does not show any trend change, when the structure changes from cubic to tetragonal. This behavior is also expected, because a change of structure from cubic to tetragonal would only cause an increase in the coercivity due to increased anisotropy. Hence in the case of coercivity, both the grain growth and the change of structure will only increase the coercivity, as long as the grains remain in the single domain state. No extrema is, therefore, observed as a function of the annealing temperature.
The variation of the coercivity observed in our copper ferrite films, as a function of annealing temperature, may be suitable for various applications, if a method could be devised to enhance their magnetization. For example, the films with a large coercivity may be useful for a magnetic recording media and the films with low coercivity may be used as a magnetic head material or for microwave devices applications.
V. CONCLUSIONS
The present study indicates that it is possible to sputter deposit copper ferrite thin film in stable cubic phase, stable at room temperature on amorphous substrates. These films are found to possess a large value of magnetization even in the as-deposited state. The magnetization further increases at the annealing temperature of 200°C due to grain growth. As the film is annealed at the temperatures Ͼ200°C, XRD and TEM studies indicate the change of crystal structure from cubic to tetragonal. The c/a ratio is found to increase from 1.00 to 1.048 as a function of annealing temperature. Above 200°C of annealing temperature, the value of magnetization is found to drop due to setting up the tetragonality. This is because cubic copper ferrite has a larger magnetization as compared to that of tetragonal copper ferrite due to cooperative Jahn-Teller distortion. The magnetization further increases at high annealing temperatures, which is again due to grain growth, as is evident from the TEM study. The coercivity, on the other hand, keeps on increasing monotonically as annealing temperature is increased. A phase transformation from cubic to tetragonal and a grain growth both cause an increase in coercivity as a function of annealing temperature. This leads to the interesting possibility of having copper ferrite thin films with controlled value of coercivity.
